Nonribosomal oligopeptides were used as qualitative and quantitative markers to test whether populations of the toxic freshwater cyanobacterium Planktothrix comprise subpopulations with dissimilar ecological traits. A field program was conducted in Lake Steinsfjorden (Norway), where Planktothrix has dominated the phytoplankton community for decades, allowing the present study to disregard other potential producers of nonribosomal oligopeptides. Four chemotypes with distinct cellular oligopeptide patterns were found in the lake. The chemotypes occurred largely unaltered throughout a period of up to 33 yr and differed with respect to seasonal dynamics, depth distribution, and participation in loss processes. Changes in the relative abundance of chemotypes occurred almost constantly and could not be explained with fluctuations in light, temperature, or concentration of macronutrients but might have been due to differences among chemotypes in depth regulation or interaction with grazers or pathogens. Chemotypes correlated weakly with taxonomic groups and genotypes defined on the basis of phycocyanin operon deoxyribonucleic acid (DNA) sequences. Our findings suggest that first, oligopeptide chemotypes can have dissimilar ecological traits and therefore interact differently with their environment; second, populations of toxic freshwater cyanobacteria can comprise multiple ecologically distinct subpopulations; and, third, the relative abundance of these may vary, causing a high variability in wholepopulation properties. The latter was demonstrated for the microcystin-related toxicity of Planktothrix. The consequences of the present findings for the taxonomy of Planktothrix are discussed.
In phytoplankton ecology the species has typically been the lowest taxonomic level studied, and in many investigations on the interactions of phytoplankton organisms with their environment it has been assumed that the species is the main ecological unit. Studies on the cyanobacterial picoplankter Prochlorococcus and Synechococcus have challenged this view. These organisms form populations that comprise coexisting subpopulations with dissimilar ecological traits (Becker et al. 2002; Casamayor et al. 2002; Rocap et al. 2002) . The relative subpopulation composition of a given population is variable and can change in response to environmental fluctuations. This allows for rapid adjustments to a wide range of ambient conditions and has been suggested as one reason for the remarkable success of Prochlorococcus and Synechococcus species on a global scale (Postius and Ernst 1999; Johnson et al. 2006) .
Given the significance of the above findings, the search for ecologically distinct subpopulations in cyanobacteria outside Prochlorococcus and Synechococcus is a priority for current research on phytoplankton. Of particular interest are toxic freshwater cyanobacteria, including Anabaena, Microcystis, and Planktothrix species, which cause ecological and health problems around the world (Codd et al. 2005) . Populations of these cyanobacteria can be polymorphic with respect to, for example, cellular content of biologically active compounds (Fastner et al. 2001; Welker et al. 2004) , gas vesicle properties (Beard et al. 2000) , and susceptibility to grazers (Rohrlack et al. 2005) . Attempts to elucidate the consequences of the polymorphism under field conditions are often hampered by the inability of classic biomass markers to discriminate among groups of individuals within a population. Two research groups have suggested to approach this problem with a real-time polymerase chain reaction (PCR) assay that subdivides a population into producers and nonproducers of certain toxins Vaitomaa et al. 2003) . Other methods have higher resolution, but produce only qualitative data (Janse et al. 2005) .
The objective of the present study was to develop and use a novel quantitative method that allows studies at the subpopulation level with a reasonable resolution. For that purpose, nonribosomal oligopeptides were used as phenotypic markers. Many freshwater cyanobacteria share the ability to synthesize oligopeptides not as usual on the ribosome, but by involving large modular multienzyme complexes and the thio-template mechanism (Kaebernick and Neilan 2001) . These so-called nonribosomal oligopeptides, hereafter referred to as oligopeptides, are widespread in at least four of the five orders of cyanobacteria (Welker and von Dö hren 2006) . Of the ca. 600 known structural variants, most can be assigned to major classes, which are produced by separate multienzyme complexes encoded by large gene clusters. Cyanobacterial cells may contain any combination of these gene clusters and the corresponding multienzyme complexes (Welker and von Dö hren 2006) .
Oligopeptides are for several reasons suitable for studies at the subpopulation level. Individuals of the same population can differ in their intracellular qualitative oligopeptide composition (Fastner et al. 2001; Welker et al. 2004 ). These differences are genetically determined by the occurrence and/or absence of oligopeptide synthetase gene clusters, mutations within these clusters , as well as gene cluster organization (Welker and von Dö hren 2006) and have already been used to subdivide populations into oligopeptide chemotypes (e.g., Fastner et al. 2001; Welker et al. 2004) . Oligopeptides may also be suitable to quantify cyanobacterial biomass because their synthesis can neither be initiated nor turned off by extracellular stimuli and the cellular amount varies only by a factor of 1-5 when comparing optimal growth conditions with severe nutrient or light limitation (e.g., Chorus and Bartram 1999; Repka et al. 2004; Rohrlack and Utkilen 2007) . Similar properties apply to established biomass markers such as chlorophyll a (Chl a) (Woitke et al. 1997; Schagerl and Mü ller 2006) . Once produced, oligopeptides stay largely in the cyanobacterial cells and are only released in significant amounts after cell death (Rohrlack and Hyenstrand 2007) .
In the present study, we identified oligopeptide chemotypes of the toxic freshwater cyanobacterium Planktothrix in Lake Steinsfjorden (Norway) and used selected oligopeptides as chemotype-specific biomass markers. The chemotypes were studied with respect to, first, their presence and variability over a period of up to 33 yr; second, the relationship to taxonomic groups and those defined on the basis of phycocyanin operon deoxyribonucleic acid (DNA) sequences; third, seasonal dynamics and depth distribution in relation to abiotic environmental factors; and fourth, the role in determining the properties of the entire population such as its toxic capabilities. Finally, we used the results to assess whether oligopeptide chemotypes interact differently with their environment, i.e., whether they form subpopulations with dissimilar ecological traits.
Materials and methods
Study area-Lake Steinsfjorden is situated in Southeastern Norway (60u089N, 10u209E). It occupies an area of 13.9 km 2 , has a maximum depth of 20 m, has an average water retention time of 4.6 yr, and has a catchment area of 63.7 km 2 . The lake belongs to the boreal dimictic type and is stratified in summer and winter. The mean total phosphorus, total nitrogen, and Chl a concentrations have remained rather stable throughout the last decades and currently average at 10 mg L 21 , 262 mg L 21 , and 4.5 mg L 21 , respectively (Halstvedt et al. 2007 ).
According to current taxonomy (Suda et al. 2002) , two Planktothrix species, Planktothrix rubescens and Planktothrix agardhii, occur in the lake. These have dominated the phytoplankton community for several decades and regularly form blooms in the thermocline during summer or under the ice during the winter months (Halstvedt et al. 2007) . High Planktothrix biovolume concentrations have also occurred during periods with total circulation of the water body. Other cyanobacteria contribute less than 5% to the phytoplankton biomass in the upper water layer and less than 1% in deeper parts of the lake (Skulberg and Skulberg 1985; Halstvedt et al. 2007 ). This allowed us to study Planktothrix in Lake Steinsfjorden using cyanobacterial oligopeptides without interference from other potential producers of these compounds.
Clonal isolates of Planktothrix-Clonal Planktothrix isolates were used to identify and characterize major oligopeptide chemotypes to be found in Lake Steinsfjorden. Clonal isolates were established by culturing single Planktothrix filaments in Z8 medium (Kotai 1972) . Several isolation experiments were undertaken between 1965 and 1998. A more intensive isolation program was carried out in 2004 to obtain fresh isolates representing the period during which we conducted field work in Lake Steinsfjorden (Fig. 1) . The typical success rate was higher than 50%, i.e., on an isolation date more than 50% of the isolated Planktothrix filaments grew and a culture was obtained. Species determination was based on Suda et al. (2002) . The isolates were maintained as nonaxenic clonal cultures at the Norwegian Institute of Water Research (NIVA) culture collection of algae until used in the present study. Conditions for cultures in the collection were glass flasks containing 50 mL Z8 medium, 17uC, light at a photon flux density of about 10 mmol m 22 s 21 , and a light : dark cycle of 12 : 12 h. Depending on the density of Planktothrix, 10 to 100 mL of the water samples was filtered (25 mm Whatman GF/C glass-fiber filters), and the filters were stored at 220uC until analysis of oligopeptides by liquid chromatography tandem mass spectrometry (LC-MS/MS). A second set of subsamples was filtered through cellulose nitrate membrane filters (40 mm, 0.45-mm pore size, 1 mm 3 1 mm grid, Sartorius AG) that, after drying overnight, were used for the microscopic determination of the biovolume concentration of P. rubescens and P. agardhii. The species were distinguished by the occurrence of the accessory pigment phycoerythrin in P. rubescens and the resulting red color of its filaments. All filaments on a given filter were counted using a stereomicroscope (SMZ-10, Nikon). Filaments were counted as sections of 750-mm length. The cell diameter was determined once by microscope measurements of 100 filaments per Planktothrix species. Finally, the filament counts and diameter were used to calculate the biovolume concentration of P. rubescens and P. agardhii as a measure of their abundance.
Temperature profiles were determined using a model 58 probe (YSI). Data on nutrient and light availability throughout the water column were taken from Halstvedt et al. (2007) .
Oligopeptide analysis-Oligopeptides were extracted from filters with field samples or cultured Planktothrix after lyophilization using 50% MeOH as described previously (Rohrlack et al. 2003) .
For the identification and quantification of oligopeptides, LC-MS/MS was used. The instrumental setup included a Waters Acquity ultraperformance liquid chromatography (UPLC) system equipped with a Waters Atlantis C18 column (2.1 3 150 mm, 5-mm particle size) and directly coupled to a Waters Quattro Premier XE tandem quadrupole MS/MS detector. The UPLC system was set to deliver a linear gradient from 20% to 60% acetonitrile in water, both containing 0.1% formic acid, within 8 min at a flow rate of 0.25 mL min 21 . The column and auto sampler temperatures were 20uC and 4uC, respectively. At all times, the MS/MS detector was run in positive electrospray mode (ESI+). Other general settings included a source temperature of 120uC, a desolvation temperature of 350uC, a drying gas flow rate of 800 L h 21 , a gas flow at the cone of 50 L h 21 , and standard voltages and energies suggested by the manufacturer for the ESI+ mode. Only the cone voltage and the settings for the collision cell were adapted to the various types of analysis. Nitrogen, continuously delivered by a nitrogen generator (NG 11, Parker Balston), served as drying, nebulizing, and cone gas.
To screen extracts for cyanobacterial oligopeptides, the detector was run in total scan mode for the mass range of 500 to 1,200 Da during the entire UPLC gradient. At this stage, the cone voltage was 60 V and the time for one scan 2 s. Afterward, all mass signals that represented compounds with a molecular mass within the range of 500-1,200 Da were analyzed in fragmentation experiments. To this end, the detector was ran in daughter ion scanning mode, and the cone voltage and collision cell settings were optimized to obtain as many fragments of the respective compound as possible. In all cases, argon served as collision gas. For the identification of a given compound, its fragmentation spectrum was screened for immonium ions of amino acids and other analytical fragments to be expected when working with peptides. Larger fragments were identified by comparison with fragment patterns of already elucidated compounds or available standard material. Further information was gained from using the fragmentation simulation software HighChemMass Frontier (version 3). Finally, identified fragments, the molecular mass of the respective compound, its isotope spectrum, and fragmentation patterns of already elucidated oligopeptides were used to gradually develop a putative model of the compound's plain structure, which then was compared with structures of oligopeptides already described in the literature (Welker and von Dö hren 2006) . This way of structural elucidation of cyanobacterial oligopeptides on the basis of MS fragmentation experiments has been successfully used in several earlier studies (e.g., Fastner et al. 2001; Welker et al. 2004; Tooming-Klunderud et al. 2007 ). These papers also give examples for peptide fingerprints of clonal isolates along with the respective raw data.
Selected oligopeptides in extracts of Planktothrix isolates and field samples were quantified by running the MS/MS detector in selective ion monitoring mode with a dwell time of 0.05 s. The cone voltage was optimized for each compound using direct infusion of concentrated Planktothrix extracts. Since we were interested in relative values for most oligopeptides, we quantified them against a standard of microcystin LR, kindly provided by G. Codd (University of Dundee, Scotland, U.K.). This also compensated for the lack of standardized material. Desmethyl-microcystin RR, which was the only oligopeptide found in Lake Steinsfjorden to form double charged ions in the MS/MS detector, was quantified against purified microcystin RR purchased from Sigma-Aldrich. Extensive preanalysis tests proved the reproducibility of the quantification method for the entire spectrum of compounds and their concentration ranges found in the cyanobacterial extracts of this study.
Chemotyping of Planktothrix isolates-All Steinsfjorden
Planktothrix isolates were grown as batch cultures under constant conditions in a walk-in environmental chamber (culture volume of 50 mL, complete Z8 medium, 17uC, a night : day cycle of 12 : 12 h with light at a mean photon flux density of 5 mmol m 22 s 21 measured outside the culture vessels). At the late exponential growth phase, samples were collected for the LC-MS/MS-based oligopeptide screening, done in accordance with the methods described above. Only oligopeptides of the classes aeruginosins, anabaenopeptins, cyanopeptolins, microcystins, and microginins were considered, since these are the most abundant and best studied oligopeptides occurring in Planktothrix (Welker et al. 2004) . Other peptides such as microviridins were disregarded because of their unknown genetic background and mode of production. The oligo-peptide patterns of all Planktothrix isolates were aligned and analyzed using the PHYLIP program package version 3.6 and according to the neighbor joining method on JukesCantor pairwise distances. Chemotypes were identified according to the clades and bootstrap values of the resulting tree. In some cases it was necessary to combine Planktothrix isolates with similar but not identical oligopeptide patterns in one chemotype. The reason for that was the impossibility to reliably quantify such outliers in field samples using specific oligopeptides, either because such compounds did not occur at all or only in very small cellular amounts.
Estimation of chemotype biovolume concentration in field samples-The biovolume of chemotypes in a given sample from Lake Steinsfjorden was estimated by using the cell-bound fraction of chemotype-specific oligopeptides as a quantitative biomass marker. The conversion factor between the amount of an oligopeptide in a sample and the biovolume of the corresponding chemotype was obtained in batch culture experiments. Only Planktothrix isolates acquired after 1990 were considered, since these were regarded as most representative for the current situation in Lake Steinsfjorden. The growth conditions were identical for all cultures (culture volume of 50 mL, complete Z8 medium, 20uC, a light : dark cycle of 12 : 12 h with light at a mean photon flux density of 12.5 mmol m 22 s 21 measured outside the culture vessels, cultures placed on a shaker). At the late exponential growth phase, samples for the microscopic determination of the biovolume of Planktothrix were collected, which was carried out according to the method described above for field samples, and for the LC-MS/MS-based oligopeptide quantification. Finally, for each chemotype the amount of its specific oligopeptides that corresponded to a certain biovolume was determined. The experiments were also used to determine the mean cellular amount of major cyanobacterial toxins (desmethylmicrocystins LR and RR) by LC-MS/MS.
To quantify a chemotype in a field sample, the amount of its unique oligopeptides was determined by LC-MS/MS. From this amount the corresponding biovolume of the respective chemotype was calculated by using the above conversion factors. Finally, the biovolume concentration per liter of water was calculated. Since there did not exist an independent way of quantifying chemotypes in field sample, the above method was validated by comparing the sum of individual chemotype biovolume concentrations with the total Planktothrix biovolume concentration that was determined microscopically for all samples taken during the field program in 2003 and 2004. This was done in two ways, by testing for linear correlation between both values and by calculating the absolute difference for all sampling dates.
Statistical analysis of chemotype dynamics-The depth maxima of individual chemotypes were determined by analyzing the cumulative frequency distribution (CFD) as a function of depth. A sigmoid or exponential relationship between CFD and depth suggested a maximum in the vertical distribution. To test for such nonlinearity, linear and nonlinear regression models were compared. If a nonlinear regression was significantly better as determined by the Akaka's information criterion (Sakamoto et al. 1986 ), a depth optimum was assumed. The actual depth maximum was then calculated by weighted averaging of depth, using the biovolume concentration of the respective chemotype at each depth as weights. Depth distributions among chemotypes were compared by pairwise Wilcoxon correlation tests. Responses of chemotypes to environmental factors were analyzed by one-sided Spearman rank correlations with chemotype-specific growth rates as response variables. For each sampling interval, specific net growth rates were calculated from the cumulative chemotype abundances over the entire water column. For the environmental variables, first the average between each pair of sampling dates was calculated. For each sampling interval and chemotype, we then calculated a weighted mean over the water column using chemotype concentration as weights.
DNA extraction, PCR amplification, sequencing, and sequence analysis-The present study used the intergenic spacer and flanking coding regions cpcB and cpcA of the phycocyanin operon (cpcBA) to group Planktothrix isolates. The cpcBA DNA-region was introduced by Neilan and coworkers (1995) as a phylogenetic marker and has been amply and successfully used ever since. The length of cpcBA varies among cyanobacterial species and strains and ranges typically from 500 to 740 base pairs (Neilan et al. 1995) . For DNA extraction, 15 mL of each Planktothrix isolate was taken directly from stock cultures of the NIVA culture collection of algae. After centrifugation (7,000 g for 10 min, Sorvall RT7), DNA was extracted by the E.Z.N.A. SP plant miniprep kit (Omega-Bio-Tek) according to the manufacturer's protocol. The cpcBA region was amplified using primers described by Neilan et al. (1995) . The PCR reactions were run in total volumes of 50 mL, consisting of sterile Milli-Q water, 5 mL of 310 PCR buffer containing 1.5 mmol L 21 of MgCl 2 , 100 nmol L 21 of each primer, 200 mmol L 21 didesoxyribonukleosidtriphosphate, 1 unit of Taq polymerase (MasterTaq), 5 mL MasterTaq enhancer, and 5 mL template DNA. Amplification was performed in an Eppendorf Mastercycler Gradient thermal cycler as follows: initial denaturation at 94uC for 3 min followed by 35 cycles of denaturation at 94uC for 1 min, annealing at 50uC for 1 min, extension at 72uC for 2 min. PCR products were sequenced directly. Phylogenetic trees were constructed by using the neighbor joining (NJ) and minimum evolution (ME) methods on Jukes-Cantor pairwise distances and maximum parsimony (MP) in MEGA version 3.1.
Results
Planktothrix species composition and dynamics in Lake Steinsfjorden 2003 and 2004-P. rubescens and P. agardhii were present throughout the field program of this study (Fig. 2) . Both exhibited similar patterns of seasonal dynamics and depth distribution with growth during circulation and accumulation in the metalimnion during summer stratification. In May and June 2003, large amounts of P. rubescens were found directly above the ground and so well below the euphotic zone, suggesting a significant loss of biomass due to sedimentation. The relative abundance of P. agardhii increased from 7% in May 2003 to above 60% in 2004.
Planktothrix chemotypes in Lake Steinsfjorden-Between 1965 and 2004, a total of 46 clonal Planktothrix cultures were isolated from Lake Steinsfjorden. They produced 33 individual oligopeptides within the mass range of 500-1,200 Da, and these compounds could be identified as members of the oligopeptide classes anabaenopeptins (variants A, B, C, F, and oscillamide Y), aeruginosins, cyanopeptolins (oscillapeptin G, diverse new cyanopeptolins), microcystins, and microginins (oscillaginins A, B; Fig. 1 ). Four distinct chemotypes, henceforth abbreviated Cht1-4, were identified (Fig. 3) . All chemotypes were reisolated throughout several years or decades and thus appear to be persistent in Lake Steinsfjorden (Fig. 1) . The longest record was found for Cht2, which was isolated unaltered in 1965, 1977, 1982, and 1998 . Some isolates had slightly different oligopeptide patterns as compared with typical members of the respective chemotypes (NIVA-CYA55, 56/1, 137, 536, 538, and 540; see Taxonomic affiliation and results of genotyping with the cpcBA marker-Isolates were identified either as P. rubescens or P. agardhii (Fig. 1) . Genetic analyses based on cpcBA sequences revealed four genotypes, Gt1-4 (Fig. 4) . All P. rubescens isolates (except NIVA-CYA392, which had an aberrant cpcBA sequence termed Gt4) clustered together with one P. agardhii isolate (NIVA-CYA532) and were well separated from the majority of the P. agardhii isolates (bootstrap values 100/99/99 using NJ/ MP/ME). Some P. agardhii isolates (NIVA-CYA56/1, 56/3, 137, termed Gt2) had an uncertain placement in the tree as indicated by low bootstrap support values (53/63/48, NJ/ MP/ME). While the taxonomic affiliation and results of the cpcBA genotyping were in reasonable agreement, they showed rather weak correlations to the oligopeptide chemotypes described above (Figs. 3 and 4) . This culminated in the occurrence of the chemotype Cht4 that included P. rubescens along with P. agardhii isolates, both with distinct cpcBA sequences, but identical or very similar oligopeptide patterns.
Determination of the quantitative chemotype composition in lake samples: method development and validation-Each of the four chemotypes, which were found in Lake Steinsfjorden, featured a set of unique oligopeptides (Fig. 1) . The most dominant among these oligopeptides were selected to quantify Cht1-4 in lake samples: Cht1-oscillaginin B and oscillapeptin G; Cht2-cyanopeptolin (1098.7); Cht4-aeruginosin (583.5)-1 and cyanopeptolin (1093.7). Cht3 lacked oligopeptides specific to all of its isolates and with a high enough concentration in the cells (cyanopeptolin (1142.7) occurred only in traces). However, Cht3 shared methyl-anabaenopeptin C with Cht2, which, as already mentioned, was quantified on the basis of another oligopeptide. Therefore, to estimate the biovolume of Cht3 in a given sample, we first calculated the biovolume of Cht2 and, on the basis of this number, the fraction of methyl-anabaenopeptin C in the sample originating from Cht2. Then we used the remaining fraction of this oligopeptide to estimate the Cht3 biovolume. Table 1 shows the conversion factors between the amount of chemotype-specific oligopeptides and the biovolume of Cht1-4.
A highly significant linear correlation was found between the cumulative biovolume concentration of Cht1-4 and the total Planktothrix biovolume concentration determined microscopically for all samples taken during the (Fig. 7) . Two major shifts in the relative chemotype composition were observed, both characterized by a steady decline of one chemotype over a period of several months (Fig. 8) . Between June and November 2003, the relative abundance of Cht1 was reduced from ca. 80% to below 5% of the Planktothrix population. In this period, Cht3 and Cht4 increased in their absolute and relative abundances (Figs. 7 and 8 ). Between winter 2003 and early spring 2004, another shift occurred from a dominance of Cht4 to that of Cht3. An interesting observation was made with regard to this event. In April 2004, large flakes of Planktothrix were released from the melting ice and transported by a water current directly under the ice toward the littoral zone. This biomass accumulated near the shore of Lake Steinsfjorden and, according to microscopic and oligopeptide analyses, contained both P. rubescens and P. agardhii and consisted of 96% Cht4. The biomass decomposed during the following weeks. We believe therefore that a selective accumulation of Cht4 in the ice during winter followed by a transportation to the littoral zone in early spring is a likely explanation for the decline of Cht4 in favor of Cht3.
To determine whether various environmental factors correlated with the abundance and growth of chemotypes, a series of statistical analyses was performed. A Wilcoxon test with Cht1-4 data from the field program as input showed that the depth distribution of Cht1 and Cht4 was significantly different from that of Cht2 and Cht3 (p , 0.05) when considering the entire study period. A one-sided Spearman rank correlation test revealed no significant relationship between light, temperature, or dissolved macronutrients and the specific net growth rate of individual chemotypes (Table 2 , temperature data shown in Fig. 7 , nutrients and light data in Halstvedt et al. 2007 ). The pooled data on Cht1-4 growth, on the other hand, were positively correlated to dissolved inorganic nitrogen and light.
Chemotype composition and toxin concentration in lake water-Cht1-4 produced different variants and cellular amounts of highly toxic oligopeptides belonging to the microcystin class (Fig. 1, Table 1 ). The same compounds were found in field samples from Lake Steinsfjorden. With the entire quantitative dataset on chemotype biovolume concentrations in Lake Steinsfjorden and the mean cellular amount of major microcystins (desmethyl-microcystins LR and RR) in Cht1-4, the concentration of cell-bound microcystins in Lake Steinsfjorden was estimated for all samples taken during the field program in 2003 and 2004. This was done by multiplying the biovolume concentration of a chemotype at a given point in space and time with its average cellular content of major microcystins, which is shown in Table 1 . By calculating the sum over all four chemotypes, an estimate Fig. 4 . Phylogenetic tree constructed according to the neighbor joining method based on cpc BA sequences of the phycocyanin operon from 46 Planktothrix isolates from Lake Steinsfjorden. The Oscillatoria sp. and Nodularia sequences served as outgroup. The numbers represent bootstrap support values (NJ/MP/ME) for the respective nodes (1,000 bootstrap resamplings in total). The abbreviations Gt1-4 refer to different genotypes. European Molecular Biology Laboratory (EMBL) accession numbers for the 46 Planktothrix DNA sequences are AM490087-AM490131 and AM490971 (NIVA-CYA537).
for the microcystin concentration was obtained and could be compared with the direct mass spectrometric measurement. Linear correlation analysis revealed highly significant relationships for desmethyl-microcystin LR and RR (Fig. 9A,B) , showing that 94% of the variation in concentration of these two toxins in Lake Steinsfjorden can be explained by considering individual chemotypes and their different properties. The numbers drop to 57% (desmethyl-microcystin LR) and 83% (desmethyl-microcystin RR) when estimating the toxin concentration on the basis of the total Planktothrix abundance. It is worthwhile mentioning that the oligopeptide markers used for the estimation of Cht1-4 abundances are not identical to and occur independently of microcystins (Welker and von Dö hren 2006).
Discussion
The application of oligopeptides as biomass markers is new and involves uncertainties, deriving from possible effects of fluctuations in growth resource availability on oligopeptide production and the use of laboratory cultures in calibrating a field method. Nevertheless, the good agreement between the cumulative chemotype abundance and the total Planktothrix abundance determined microscopically validates the oligopeptide method for Lake Steinsfjorden. Further support comes from the fact that significant declines of chemotypes correlated well with losses of Planktothrix biomass actually observed in the field in spring 2003 (sedimentation) and winter and early spring 2004 (embedment into ice, transport to shore). Moreover, a parallel study in Lake Steinsfjorden has dismissed a significant effect of growth recourses on oligopeptide production, since light and macronutrients together accounted only for up to 10% of variations in cellular content of oligopeptides (Halstvedt et al. in press) . Fastner et al. and Welker et al. have found that freshwater cyanobacterial populations typically comprise a number of coexisting oligopeptide chemotypes (Fastner et al. 2001; Welker et al. 2004 ). According to our study, chemotypes can differ with regard to seasonal dynamics, depth distribution, and participation in loss processes. These differences may be a consequence of distinct cellular oligopeptide patterns or related features of chemotypes rather than a result of their taxonomic or cpcBA genotype affiliation. Cht1 and Cht2, for example, belong to P. rubescens and have identical cpcBA sequences but behaved differently under field conditions. Cht2 and Cht3 differed taxonomically but showed similarities in oligopeptide patterns as well as in their seasonal dynamics and depth distribution. Furthermore, during winter and early spring 2004, P. rubescens and P. agardhii belonging to Cht4 were lost in large amounts, while P. agardhii of the Cht3 chemotype escaped that fate. The resulting shift from a dominance of Cht4 to that of Cht3 is consistent with the high relative abundance of P. agardhii in 2004. The dissimilar behavior of Cht1-4 in nature indicates differences in their interaction with the environment, suggesting that oligopeptide chemotypes possess dissimilar ecological traits. This demonstrates that populations of toxic freshwater cyanobacteria can comprise ecologically distinct subpopulations. Suda and coworkers (2002) could not discriminate P. rubescens from P. agardhii on the basis of 16s rDNA sequences, fatty acid composition, and cell dimensions. Both groups were described as separate species due to a DNA-DNA hybridization rate lower than 70% and the production of phycoerythrin by P. rubescens. Some parallel studies supported this separation (Davis and Walsby 2002) , while others did not (Humbert and Le Berre 2001) . In Lake Steinsfjorden, P. rubescens and P. agardhii overlapped significantly in ecological properties and chemotype affiliation. The cpcBA marker discriminated most P. rubescens and P. agardhii isolates, but outliers (NIVA-CYA392, 532) and isolates with uncertain phylogeny (NIVA-CYA137, 56/1, 56/3) emphasized once again the unclear taxonomic status of both groups. In the light of recent findings (Kang et al. 2007 ), even the DNA-DNA hybridization data reported by Suda and coworkers (2002) appear inconclu- sive. Taken together, available data indicate a considerable overlap between P. rubescens and P. agardhii. Therefore, we consider them henceforth as conspecific and Cht1-4 as subpopulations of the same population.
Because chemotypes differ from each other, properties of a given population may depend on its chemotype composition, and any changes in this parameter may have an effect on whole-population characteristics. This leaves room for considerable variation and may explain the high intrapopulation and interpopulation diversity of freshwater cyanobacteria. A good example is the toxicity of these organisms. Ever since the first cyanobacterial toxins have been discovered, the vast variability in toxicity among and within populations of the same species has given rise to many speculations (Carmichael and Gorham 1981; EkmanEkebom et al. 1992; Vezie et al. 1998) . In Lake Steinsfjorden, more than 90% of the spatial and temporal variation in concentration of cell-bound toxins could be explained with fluctuations in the absolute and relative abundance of individual Planktothrix chemotypes. Chemotype composition was thus the main determinant of cyanobacterial toxicity in that particular lake.
The repeated isolation of Cht1-4 from Lake Steinsfjorden throughout our study period encompassing 33 yr suggests a coexistence of these four chemotypes for decades. The low number of chemotypes and their low variability over longer periods of time are somewhat surprising, given the considerable frequency of genetic recombination in cyanobacteria in general (Rudi et al. 1998; Hayes et al. 2002) and in cyanobacterial oligopeptide synthetase gene clusters in particular Mikalsen et al. 2003; Kurmayer and Gumpenberger 2006) . A high rate of recombination causes a continuous reorganization of genetic information and therefore should have favored the evolution of new chemotypes in Lake Steinsfjorden. The low number of chemotypes is also in contrast to much higher counts reported from Microcystis and Planktothrix populations in eutrophic lakes in Central Europe (Fastner et al. 2001; Welker et al. 2004) . Overall, the above findings suggest that chemotype evolution is driven by mechanisms that allow both stability and diversity. We are currently conducting a study in Lake Steinsfjorden to identify the nature of these mechanisms.
The present study identified the relative chemotype composition of freshwater cyanobacterial populations as a dynamic parameter that can vary in space and time. These variations could not be explained with momentary fluctuations in resource availability. In fact, while our study produced evidence for the control of Planktothrix growth in general by nutrient availability and light in Lake Steinsfjorden (Table 2) , it failed to show any direct effect of these factors on the relative abundance of chemotypes. Growth resources may therefore determine the size of a population as a whole but not necessarily its chemotype composition or parameters that depend on chemotype composition. Previous studies on Prochlorococcus ecotypes have produced contrasting data (West et al. 2001; Johnson et al. 2006) , suggesting that cyanobacterial subpopulations can be controlled by different factors.
It is possible that shifts in the relative chemotype composition in Lake Steinsfjorden were related to differences in depth regulation among Cht1-4. Planktothrix possesses gas vesicles as a basis of a sophisticated buoyancy regulation system, enabling the organism to stratify in depths with favorable environmental conditions (Walsby 2005) . In early summer 2003, Cht1 had its maximal abundance directly above the sediment when it started to decline. This suggests a significant sedimentation of Cht1 as a reason for its decline in favor of Cht3 and Cht4. Differences in depth regulation may also explain why Cht4 accumulated in the ice in winter 2003 and 2004, while other chemotypes did not. In this respect it is interesting to know that gas vesicle genotypes defined by Beard and coworkers (2000) and oligopeptide chemotypes of the present study are in agreement. Whether this is coincidence or reflects an actual functional coupling between depth regulation and oligopeptide production should be elucidated in future investigations. Also, the association between oligopeptide chemotypes and gas vesicle genotypes implies that the changes in relative abundances of chemotypes observed by us may also be caused by selection for different gas vesicle characteristics.
Another possible explanation for variations in the relative chemotype composition is a differential effect of zooplankton grazers and/or pathogens on Cht1-4. Most oligopeptides are bioactive (Welker and von Dö hren 2006) . Some are toxic to zooplankton, while others may inhibit virus replication (Rohrlack et al. 2001; Zainuddin et al. 2002; Blom et al. 2003) . Distinct cellular oligopeptide patterns of Cht1-4 might thus have resulted in different interactions with herbivores and viruses. In fact, a previous study has shown Cht1 and Cht4 to contain potentially toxic inhibitors of Daphnia proteases, while no such compounds have been found in Cht2 and Cht3 (Rohrlack et al. 2005) .
In summary, our findings and those by authors who worked with Prochlorococcus and Synechococcus species (Becker et al. 2002; Casamayor et al. 2002; Johnson et al. 2006) suggest that populations comprising ecologically distinct subpopulations are common in cyanobacteria. A higher level of understanding of cyanobacteria may thus demand studies that recognize the subpopulation level as a major basis for biological processes.
